Background: protein glycosylation varies with the physiological and pathological status of the cell. Consequently, analysis of protein-linked glycans has growing importance both in basic glycobiological research and as a potential tool for monitoring the physiological state in humans. Design, setting and participants: a total of 265 healthy northern Chinese men and women were grouped by age and gender. The mean age in males and females was similar. Objective: the study is aimed to evaluate the effects of the age and gender on the human serum N-glycans profiles in the clinical diagnose of ageing and disease. Methods: the 265 human serum N-glycan profiles were obtained by DNA sequencer-assisted fluorophore-assisted carbohydrate electrophoresis. Comparison of N-glycan profiles was carried out among the different genders and age groups and the data were analysed with the GeneMapper software. Results: age-related changes in the three N-glycan structures (NGA2F, NGA2FB and NA2F) were observed. Interestingly, fucosylation of N-glycans was significantly different (P < 0.0001) between men and women: more core-α-1,6-fucosylated glycans were detected in women, whereas more branching-α-1,3-fucosylated N-glycans were seen in men. Conclusions: the N-glycome profile in serum is gender and age dependent. This should be taken into consideration in the development of serum glycome markers.
Introduction
Ageing in humans is a complex and gradual process. In the previous decade, considerable efforts have been devoted to the genetic analysis of ageing and its molecular mechanisms, signal pathways and physiological processes [1] [2] [3] [4] . Recently, derivation and use of ageing biomarkers have attracted wide attention [5] . Such biomarkers are being increasingly employed in empirical studies of human populations to help understand physiological processes that change with ageing, diseases linked to ageing and the process of ageing itself [6] . Furthermore, the physiological status of an organism is associated with ageing and gender as well. Many physiological functions and pathological changes are influenced either directly or indirectly by sexbased differences. The gender difference results in differences in the initiation and manifestation of diseases such as obesity, autoimmune disorders and coronary heart disease, and meanwhile in different responses to pharmacological agents [7] . So it is necessary to bear in mind such gender differences during diagnosis and treatment. In the † Contributed equally to this paper. evaluation of a potential biomarker close attention should be paid to gender differences in order to increase the accuracy and reliability of the biomarker and hence increase its value as a clinical tool.
Glycans are specific sugar structures that are added to proteins during the cotranslational modification of proteins. These glycoconjugates play an important biological roles in various processes, such as cell communication, signal transduction, embryogenesis, immunity and disease, and thus they are the basis of the differences in blood group antigens [8] . The different glycoforms of the same protein might have different functional, kinetic or physical properties. The types of glycans produced by cells, tissues or the organism as a whole can reflect its current physiological status. Therefore, investigation of age-related structural changes in these sugar chains is expected to provide more useful information. Although many experiments have proved that the glycans of cell surface glycoproteins can change structurally and quantitatively during pathogenesis [9, 10] , only a few studies have examined how glycans change during ageing and how they differ between males and females. Identification of molecular biomarkers of ageing is a recent interest in glycobiology, and several markers of ageing have already been described [5, 11, 12] .
In this research, we investigated gender and age-related structural changes in human serum N-glycans in 265 healthy Chinese volunteers. We confirmed that N-glycan profiles vary not only with age, but also with gender.
Methods

Healthy human serum samples
Serum samples were obtained from Affiliated Hospital of Harbin Institute of Technology, Heilongjiang, China. All of the 265 blood donors, who were from 31 to 60 years old, were in good health and had no relevant acute or chronic disease affecting the immune system. They were grouped by age and gender. There are 42 males (mean age 36.0) and 40 females (mean age 35.8) in the age group 31-40, 47 males (mean age 46.1) and 52 females (mean age 45.7) in the age group 41-50 and 44 males (mean age 54.5) and 40 females (mean age 55.1) in the age group 51-60. The detailed information was shown in the table Appendix S1 in the Supplementary data available in Age and Ageing online.
DNA sequencer-assisted (DSA), fluorophore-assisted carbohydrate electrophoresis (FACE)
First added 5 µl of serum in a PCR tube with 1 µl of denaturing buffer (5% SDS in 10 mM NH 4 HCO 3 , pH 8.3), heated for 5 min at 95°C, and cooled at 4°C for 15 min. The tubes were centrifuged to collect the samples at the bottom. To separate the oligosaccharide structure from the protein, 3 µl of PNGase F reaction mixture (21 units PNGase F and 3.33% NP-40 in denaturing buffer) were added to each tube after denaturation. The tube was sealed and incubated for 3 h at 37°C and then cooled at 4°C for 15 min.
To release the N-glycans from the serum proteins, 3 µl of the denatured sample was combined with 0.3 µl neuraminidase, 0.5 µl 500 mM sodium citrate ( pH 6) and 1.2 µl H 2 O in a PCR tube and incubated over night at 37°C.
To label the treated N-glycans with 8--amino-1,3,6-pyrenetrisulfonic acid (APTS), the sample was dried completely at 65°C for 20 min, and after cooling they were combined with 5 µl of APTS labelling buffer (1:1 of 20 mM APTS in 1.2 M citric acid and 1 M NaCNBH 3 in DMSO). The tube was sealed and heated for 2 h at 90°C. The reaction was stopped by adding 50 µl of water. Labelled N-glycans were analysed with a capillary electrophoresis-based ABI3130 sequencer.
Statistical analysis
Data were analysed with GeneMapper version 4.0 software (Applied Biosystems). The heights of the peaks in all the samples were measured. The data were analysed with SPSS 10.0 software. The results were presented as the means ± standard deviation. All P-values were two-tailed. Significance of differences between two groups was evaluated with a t-test for independent samples, and for more than two groups an F-test with 95% confidence interval was used.
Results
N-glycan profiles altered during healthy ageing
It was previously reported that the serum N-glycan profile in Belgians and Italians changed during ageing, and its potential as an ageing biomarker was proposed [13] . To validate these serum N-glycans as an ageing biomarker in a different ethnic population, serum N-glycan profiles were determined with DSA-FACE technology in 265 healthy Chinese aged from 31 to 60 years. As was shown in Figure 1 , more than 12 peaks were detected in all the samples, with each peak representing a different N-glycan structure. The 12 most prominent N-glycan structures were analysed by exoglycosidase digestion as previously reported by Liu's et al. [14] . To determine the relative concentrations of the different peaks in each profile, the height of each peak was divided by the total height of the 12 peaks in the profile to obtain a relative height.
We compared the relative concentrations of the N-glycans (represented by relative peak height) among the age groups ( please see the figure Appendix S1 in the Supplementary data available in Age and Ageing online). The concentrations of 3 N-glycans of the 12 changed substantially with increasing age: agalactosylated, core-α-1,6-fucosylated biantennary glycan (NGA2F; peak 1), core-α-1,6-fucosylated bisecting biantennary glycan (NGA2FB; peak 2) and bigalactosylated core-α-1,6-fucosylated biantennary glycan (NA2F; peak 6). The values of peak 1 (NGA2F) and peak 2 (NGA2FB) increased gradually with ageing, whereas peak 6 (NA2F) decreased ( Figure 2A ). Before the age of 50 years these three peaks changed only slightly with age, but the difference between age groups 41-50 and 51-60 years was statistically significant (P < 0.05), indicating that the age-related physiological changes occurred in the fifties. This result confirms the study conducted on Belgians and Italians [13] and further demonstrates that the abundance of these three N-glycan structures (NGA2F, NGA2FB and NA2F) is closely related to the progress of ageing in different ethnic populations.
Alterations in N-glycan profiles are different in male and female
We examined whether the N-glycan changes during ageing are different in males and females. The values of peak 1 and peak 2 increased with ageing in both males and females, but to a smaller extent in males. However, the decrease in peak 6 (NA2F) was observed only in females ( Figure 2B ). Moreover, the relative abundance of these three N-glycans in females changed linearly with age from the age of 31 years, though most of the change occurred in the age range of 51-60 years.
Fucosylation of N-glycans is gender dependent
N-glycans are synthesised in the ER and Golgi by the subsequent addition of oligosaccharides, such as N-acetylglucosamine (GlcNAc) and fucose molecules, by the corresponding oligosaccharyltransferases [15, 16] . The N-glycan profile in serum depends on the expression levels of glycosyltransferases and glycosidases in the glycosylation pathway in liver cells and B-cells. These enzymes modify both core structures and terminal structures of glycans [16] .
Comparing the fucosylation of N-glycans in males and females from 30 to 60 years old, we found that changes in the level of fucosylated N-glycans with age were different. The total core-α-1,6-fucosylated N-glycans (the sum of peaks 1, 3, 4, 6 and 9′) was significantly higher (P < 0.0001) in females ( Figure 3A ). During ageing, the level of total core-α-1,6-fucose in males remained unchanged. In contrast, it started out higher in females in the youngest age group but then gradually decreased with age to reach a similar level. Pearson correlation analysis showed that the change of total core-α-1,6-fucose in females was correlated with ageing (P = 0.026, r = − 0.194). The total branching-α-1,3-fucosylated terminal structures (the sum of peaks 9 and 12) was higher (P < 0.0001) in males ( Figure 3B ). However, the [14] . (B) The known structures of the N-glycans are shown. Peak 1 is an agalacto core-α-1,6-fucosylated biantennary glycan (NGA2F), peak 2 is an agalacto core-α-1,6-fucosylated bisecting biantennary glycan (NGA2FB), peak 3 and peak 4 are single agalacto core-α-1,6-fucosylated biantennary glycans (NG1A2F), peak 5 is a bigalacto biantennary glycan (NA2), peak 6 is a bigalacto core-α-1,6-fucosylated biantennary glycan (NA2F), peak 7 is a bigalacto core-α-1,6-fucosylated bisecting biantennary glycan (NA2FB), peak 8 is a triantennary glycan (NA3), peak 9 is a branching α-1,3-fucosylated triantennary glycan (NA3Fb), peak 9′ is tri-galacto core-α-1,6-fucosylated triantennary glycan (NA3F), peak 11 is a tetragalacto tetraantennary glycan (NA4) and peak 12 is a branching α-1,3-fucosylated tetraantennary glycan (NA4Fb). branching-α-1,3-fucosylation was not significantly correlated with ageing.
Bisecting GlcNAc increases in males but not in females
The bisecting GlcNAc moiety is unique in asparaginelinked glycans (N-glycans). The presence of bisecting GlcNAc in N-glycans inhabits β(1→6) branch formation and then inhabits the biosynthesis of multi-antennary oligosaccharides. The level of total bisecting GlcNAc N-glycans (the sum of peaks 2 and 7) was higher in females than in males from 30 to 60 years old ( Figure 3C ). During ageing, the level of total bisecting GlcNAc in females remained unchanged. In contrast, it started out lower in males in the youngest age group but then gradually increased with age to reach a similar level. Pearson correlation analysis showed that the change in total bisecting GlcNAc in males was significantly correlated with ageing (P = 0.001, r = 0.289).
N-glycan branching changes between males and females
It has been reported that the degree of branching and the number of N-glycans regulated the cell proliferation and differentiation [17] . We compared the level of the N-glycan branching between males and females and found that the total bisantennary ( Figure 3D ) and tetraantennary ( Figure 3F ) were higher in females, whereas the total triantennary was lower ( Figure 3E ).
Discussion
Ageing is a global challenge for the twenty-first century. And therefore the study on the physiological and pathological progress, mechanism and genetic analyses of ageing is being carried out. Nowadays, the relation between the glycobiology and the ageing is attracting more attention. Deeper understanding of age and gender-related structural changes of glycans can help pave the way for the treatment with ageing-related disease and for discovery of reliable biomarkers. Belgians and Italians were once chosen as subjects to study the ageing-related changes in glycans whereas in this study 256 healthy Chinese individuals were selected for the same goal with DSA-FACE [12, 13, 18] . We found that the relative abundance of three major N-glycan structures (NGA2F, NGA2FB and NA2F, represented by peaks 1, 2 and 6, respectively) changed substantially with increasing ages. Our results agree with those previously reported by Vanhooren et al., who analysed serum N-glycans in healthy Belgians and Italians of different ages [12, 13] . The investigation of different populations is important because of the great diversity of humans, which arises from the great variety in living environments and eating habits. Our results reinforce the hypothesis that the serum N-glycan profile is age dependent regardless of ethnic origin and geographical location. As there are many physiological differences between women and men, we had a further study to analyse the relation between the glycan value and gender Figure 2 . Age-related alteration of N-glycan profiles. (A) It shows the relationship between ageing stages and glycan values of peak 1 (NGA2F), peak 2 (NGA2FB) and peak 6 (NA2F). With increasing age, the values of peak 1 and peak 2 increase, while peak 6 decreases. (B) It shows the age-related alteration of N-glycan profiles in males and females. The values of peak 1 and peak 2 increase in both males and females, but peak 6 decreases with ageing only in females. Error bars represent 95% confidence intervals for the mean. The statistical significance of differences between groups is indicated as *P < 0.05 or ** P < 0.001. at different age stages. As is generally acknowledged, men and women achieve longevity through different physiological strategies, and on average women live longer than men. Accordingly, we investigated the relation between the glycan value and gender at different ages stages. We found that the values of peak 1 Figure 3 . Gender-dependent N-glycan. (A) It shows the N-glycan values of total core-α-1,6-fucose glycans from healthy Chinese adults. The total α-1,6-fucosylation level is higher in females than in males. However, the total α-1,6-fucose glycan value is not significantly different among three age groups. (B) It shows the N-glycan values of total branching-α-1,3-fucose glycans in males and females. The total branching-α-1,3-fucosylation level is higher in males than in females. However, the total branching-α-1,3-fucose glycan value is not significantly different among three age groups. (C) It shows the N-glycan values of total bisecting GlcNAc glycans. The total bisecting GlcNAc level is higher in females than in males. The level of total bisecting GlcNAc glycan value in males gradually increased with age to reach a similar level with females. (D) It shows the N-glycan values of total bisantennary glycans. The total bisantennary level is higher in females than in males. (E) It shows the N-glycan values of total triantennary glycans. The total triantennary level is lower in females than in males. (F) It shows the N-glycan values of total teraantennary glycans. The total teraantennary level is higher in females than in males. The statistical significance of differences between groups is indicated as *P < 0.05 or **P < 0.001.
(NGA2F) and peak 2 (NGA2FB) increased in both males and females, whereas peak 6 (NA2F) decreased with ageing only in females. It has been demonstrated that the existence of specific altered glyco-phenotypes in some individuals [19] . The age-related markers peak 1 and peak 2 have a significant diagnostic potential because of the same change trend in both sexes. They could be used in combination with other existing ageing parameters. The variation of peak 6 indicated that during ageing changes in glycosylation were influenced by sex-based differences. Several groups have found that glycan features change with age and levels of glycans may differ between men and women [20, 21] . Men and women have different levels of certain hormones. Women experience significant oestrogen level changes at various life stages such as adolescence, menopause and as a result of monthly cycles. Serum oestrogen levels regulate secretion of pituitary gland released hormones, many of which are glycosylated, such as luteinizing hormone, follicle-stimulating hormone, thyroid-stimulating hormone and chorionic gonadotrophin [22] . So the N-glycan gender differences could be explained by the different sex hormone levels and regulation. Furthermore, we also found that the fucosylation of N-glycans was gender dependent. At the ageing stages, the total branching α-1,3-fucosylated N-glycans is higher in males, whereas the level of α-1,6-fucose was greater in females. The fucose is a common terminal residue of the glycan structure and it participates in many physiological functions, such as cell recognition, repair of human single-layer ductal epithelial cells, cell adhesion and migration and activity of the growth factor receptor [23] . The changes in the expression of fucosylated oligosaccharides have been reported in a number of cancers. For example, the NA3FB, a branchingα-1,3-fucosylated triantennary glycan, Liu et al. pointed out that the peak was more abundant in patients with hepatocellular carcinoma (HCC) than in healthy humans [14] . And the prevalence of liver cancer in men is typically two to four times higher than in women [24, 25] . Therefore, it indicated that the high value of branching α-1,3-fucosylation in men might be related to the higher risk for HCC compared with women. In addition, there are other studies to show that the level of fucosylation was correlated with the expression level of α-L-fucosidase (AFU), which is a key lysosomal acid hydrolase responsible for the transfer L-fucose from α-1,3 and α-1,6-fucose. Lynch have discovered that AFU was more abundant in female cancers, including breast cancer, ovarian cancer and uterine cancer, than in normal tissues [26] . Because the AFU catalyses the catabolism of fucosylated glycans, glycopeptides, glycoproteins and glycosides, the change of AFU expression level means that the amount of fucosylated molecular was modified and then it will affect the cell, tissue and organ function. These results suggested that the genderbased fucosylation of N-glycans might be related to the mechanism of the cancer susceptibility and carcinogenesis. And the structural and quantitative changes in glycans would provide us with gender-specific information related to the functioning of ageing and disease. Moreover, it indicated that the factors of gender and age should be taken into account in the use of glycan biomarkers in clinical diagnosis and treatment.
The glycan structural changes could be attributed to the changes in the levels of glycosyltransferases, glycosidases and the sugar nucleotide donors [27] . NGA2F ( peak 1) might be generated by removal of galactoses from NA2F ( peak 6) by β-galactosidase, and it could serve as a substrate for β-1,4-galactosyltransferases for the production of NA2F ( peak 6). Therefore, the increase in NGA2F level is inseparable from the decrease in NA2F. It has been widely reported that β-galactosidase is changed in senescent cells during the replicative senescence of fibroblasts in culture, and this change has been used broadly as a marker of cellular senescence in vivo and in vitro [28, 29] . Our results imply that the activities of β-1,4-galactosyltransferases and β-galactosidase should be considered in the study of the mechanism of ageing.
In addition, with increasing age a tendency towards increasing levels of bisecting GlcNAc was observed in males rather than in females. Bisecting GlcNAc residues in N-glycans are synthesised by GnT-III. The presence of bisecting GlcNAc on individual N-glycans prevents the subsequent actions of several glycosyltransferases, including α-mannosidase II, GnT-II, GnT-IV and GnT-V [30] . Thus, the attachment of bisecting GlcNAc can significantly alter the types of the synthesised N-glycan structures. The increase in the abundance of bisecting GlcNAc with ageing in females presumably reflects an increased activity of GlcNAc transferase III, the enzyme that catalyses the addition of a β-1,4-linked GlcNAc to the β-linked mannose of the trimannosyl core and a decrease of the β 4-galactosyltransferase(s), which catalyses the addition of β-1,4-linked galactoses to the GlcNAc residues.
Conclusion
Our results demonstrate that serum glycans are closely related to age and gender as well. There were significant changes in the levels of serum N-glycan with ageing. The glycans with same variation tendency in both sexes are more useful as the age-related markers. Besides the different trends in males and females give a hint that the gender should be considered during the development of serum glycome markers. More extensive studies on the N-glycan profile should be carried out, such as long-term longitudinal studies. The serum glycan profile is easily derived and it can be developed into an accurate biomarker that can indicate physiological age. These results could help to establish a specific blood monitoring technique based on an accurate marker for gender and age-related disease in males and females.
Key points
• There were significant differences of serum N-glycan with ageing in northern Chinese people.
• Three N-glycan structures (NGA2F, NGA2FB and NA2F) were age related.
• The N-glycan changes during ageing were different in males and females.
• Fucosylation of N-glycans was gender dependent. More core-α-1,6-fucosylated glycans were detected in women, whereas more branching-α-1,3-fucosylated N-glycans were seen in men.
• The total bisecting GlcNAc in males was significantly correlated with ageing.
